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TURNDOWN CONTROL METHOD FOR 
MEMBRANE SEPARATION SYSTEMS 

BACKGROUND OF THE INVENTION 
1. Field of the Invention 
The invention relates to permeable membrane sys 

tems. More particularly, it relates to the use of such 
systems under variable demand conditions. 

2. Description of the Prior Art 
Permeable membrane processes and systems are 

known in the art and are being employed or considered 
for a wide variety of gas and liquid separations. In such 
operations, a feed stream is brought into contact with 
the surface of a membrane, and the more readily perme 
able component of the feed stream is recovered as a 
permeate stream. The less readily permeable compo 
nent is withdrawn from the membrane system as a non 
permeate, or retentate, stream. 
The inherent simplicity of such ?uid separation oper 

ations provides an incentive in the art to expand use of 
membranes in practical commercial operations. It is 
necessary, of course, that the selectivity and permeabil 
ity characteristics of a membrane system be compatible 
with the overall production requirements of a given 
application. It is also necessary that the ef?ciency of 
membrane systems be continually improved in order to 
enhance the feasibility of employing membrane systems 
to advantage under the operating conditions encoun 
tered in the art. 

Signi?cant factors in the design and overall ef?ciency 
of membrane systems are the total membrane surface 
area required for a given separation and the partial 
pressure difference across the membrane that is re 
quired to obtain a desired product quantity and quality, 
i.e. a desired permeability and selectivity or separation 
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factor. The design of practical membrane systems re- ~ 
quires optimization of the trade-offs between membrane 
surface area and said partial pressure differences. Thus, 
the greater the partial pressure difference, or driving 
force, across the membrane, the less is the membrane 
surface area required for a given separation. This neces 
sitates the use of more expensive pumping equipment 
and higher pump operating costs, but enables membrane 
equipment costs to be kept relatively low. If, on the 
other hand, a lower driving force is employed, more 
membrane surface area is required, and the relative 
costs of the various aspects of the overall system and 
operation would change accordingly. 
Membrane systems are usually designed and opti 

mized for full capacity, steady constant ?ow conditions, 
i.e. design conditions, that are not always fully utilized 
in practice. Under operating conditions other than the 
design conditions, different combinations of optimum 
operating conditions will prevail with respect to mem 
brane area versus partial pressure differences. Fluid 
separation applications for 'which membrane systems 
are desirable typically do not run under steady flow 
conditions. The demand from the membrane system 
will often vary in terms of product quantity and/or 
quality. For example, product demand for nitrogen gas 
from an air separation membrane system can vary sig 
ni?cantly in a 24 hour period in terms of nitrogen flow 
rate and/or purity required. 
Membrane systems typically operate in one of three 

modes during off demand, or so-called turndown condi 
tions. In one approach, there is no turndown to accom~ 
modate decreases in product demand. In this case, the 
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feed ?ow and partial pressure differences remain con 
stant. The product quality will, as a result, increase to 
above design level, while the power requirements will 
remain at the full design level. This approach is thus 
disadvantaged in that no power reduction is realized, 
and the product is obtained at greater than required 
quality levels. 

In another approach, the membrane surface utilized 
for separation is varied. Under reduced demand condi 
tions, a portion of the membrane area is shutdown. This 
reduces the amount of the feed stream that is processed 
in order to satisfy the reduced demand. The disadvan 
tage of this approach is the inef?ciency associated with 
the lack of use of available membrane surface area. This 
factor assures that the trade-off between membrane 
surface area and partial pressure difference is not opti 
mized for off-design turndown conditions. 

In a third approach to reduced demand conditions, 
the membrane system is operated at design conditions 
when in operation, and a surge tank is used to handle 
variable demand requirements. When the surge tank is 
full, the membrane system is either unloaded, i.e., the 
feed pumps are idled, or shutdown to save energy. This 
approach also has the disadvantage of not fully utilizing 
installed membrane area since this membrane area is not 
utilized at all during periods of plant idle or shutdown. 
Such start/stop operation also has the disadvantage of 
increased wear on associated equipment. 
There is a genuine need in the art, therefore, for a 

method of fully and efficiently utilizing the separation 
capability of the installed membrane area under turn 
down conditions. Such a method would enable an in 
stalled membrane system to operate at an optimum 
ef?ciency at all times, and would provide more reliable 
operation than the start/stop mode referred to above. 

It is an object of the invention, therefore, to provide 
an improved method for operating a permeable mem 
brane system under turndown conditions. 

It is another object of the invention to provide a 
method for enabling the full separation capacity of an 
installed membrane system to be ef?ciently employed 
under reduced product demand conditions. 
With these and other objects in mind, the invention is 

hereinafter described in detail, the novel features 
thereof being particularly pointed out in the appended 
claims. 

SUMMARY OF THE INVENTION 

Improved turndown control is achieved by reducing 
the feed stream ?ow and the partial pressure driving 
force at reduced demand conditions, while fully utiliz 
ing the installed membrane surface area under all oper 
ating conditions. The desired quantity and quality of 
product can thus be ef?ciently achieved with increased 
membrane plant reliability due to reduced equipment 
loading under turndown conditions and the avoiding of 
the increased wear associated with start/stop type oper 
ation under variable demand conditions. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention is hereinafter further described with 
reference to the accompanying drawing which is a 
schematic drawing of a membrane system adapted for 
the practice of a generally preferred embodiment of the 
turndown control method of the invention. 
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DETAILED DESCRIPTION OF THE 
INVENTION 

The objects of the invention are accomplished by 
employing a turndown control method in which, upon 
reduced demand, the feed ?ow rate and the partial 
pressure driving force across the membrane are re 
duced. The partial pressure driving force is a function of 
the partial pressures of the components of the feed and 
permeate streams. Such lower energy operation is car 
ried out while fully utilizing the installed membrane 
surface area not only under design conditions, but under 
all reduced demand operating conditions as well. With 
the resulting constant, steady operation of equipment 
under reduced load at turndown conditions, a more 
efficient operation can be achieved, and the increased 
wear of start/ stop operation can be avoided. 
The turndown method of the invention is initiated by 

a demand signal that indicates off design conditions are 
required. This signal can be a product flow measure 
ment that indicates below design ?ow, or a purity input 
that likewise indicates that below design conditions are 
required. The membrane system is conventionally de 
signed to incorporate a process computer programmed 
to reduce the operating pressure ratios across the mem 
brane to new optimum conditions based upon the full 
utilization of membrane surface area available in the 
system. The desired pressure ratio reduction is accom 
plished by sending a turndown signal to the pumping 
equipment, i.e., the compressor, vacuum pump, liquid 
pump, etc. 
With reference to the drawing, illustrating a gener 

ally preferred system for carrying out the turndown 
control method of the invention, inlet line 1 is used to 
deliver feed gas to compressor 2, from which pressur 
ized feed gas is delivered in line 3 to permeable mem 
brane unit 4. The desired product stream, either perme 
ate or non-permeate gas, is discharged through product 
flow line 5. The other stream removed from membrane 
unit 4, not shown, is either discarded or used for some 
desired purpose. A standard product ?ow meter 6 is 
positioned in line 5, with said meter having a conven 
tional product flow signal transmitter associated there 
with and being adapted to send an input signal, gener 
ally illustrated by the numeral 8, to process computer/n 
controller 9. Thus, product flow meter 6 is used to 
monitor product flow, and transmitter 7 is employed to 
send a process variable signal, i.e., a signal proportional 
to the product flow, to process computer 9. Also em 
ployed as an input to said computer is a purity set point, 
represented by the numeral 10, that can be varied de~ 
pending upon the product purity requirements of the 
operation. 

Process computer 9 is programmed to send an output 
signal, represented by the numeral 11, to capacity con 
trol device 12 that is used to turn down compressor 2, 
by an appropriate mechanical or electrical connection, 
represented by the numeral 13, by adjustment of the 
appropriate recycle valve, suction valve, variable speed 
motor or the like, to the pressure and flow conditions 
appropriate for the indicated demand conditions. The 
method of the invention is highly ?exible in that, as the 
design conditions change, as a result of differences in 
process application, improvements in membrane perfor 
mance, and the like, the process computer can readily 
be reprogrammed to match the new design conditions 
of the different or modified process application. 
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4 
In a processing alternative, product purity level can 

be used as a process variable to trigger membrane sys 
tem turndown control. In this case, product purity 
rather than product flow, would be monitored, and a 
signal proportional to product purity would be sent to 
process computer/controller 9. The computer would, 
in this case, be programmed to modulate compressor 
capacity and pressure to maintain the desired purity. 
Those skilled in the art will appreciate that the de 

sired product purity can often be a variable input from 
the downstream operation for which the product gas or 
liquid is being produced in the membrane system being 
controlled. As the product ?ow is cut back, product 
purity will start to rise, and the process computer will 
sense this rise and cut back the compressor loading. It 
should be noted, however, that the use of product pu 
rity as the primary measurement can result in a certain 
element of instability in some cases as a result of the 
inherent lag time involved in the collection and analysis 
of product purity. By contrast, it is readily possible to 
achieve instant monitoring of product ?ow changes. 
The invention is further described with reference to 

an illustrative example in which permeable membranes 
are employed for air separation to produce nitrogen 
product gas. Using a typical membrane system in which 
the membrane material is capable of separating oxygen 
as the more readily permeable component of air, it will 
be understood that the desired nitrogen-enriched prod 
uct stream is recovered as non-permeate, retentate gas. 
The oxygemenriched permeate gas constitutes a waste 
stream in this instance. Feed air is compressed to super 
atmospheric pressure, and the product nitrogen non 
permeate stream is withdrawn from the membrane sys 
tem at slightly below feed pressure. The permeate gas is 
withdrawn typically at atmospheric pressure. The 
membrane system is constructed and used on the basis 
of design conditions, i.e., desired full capacity opera 
tion, generally optimized in light of the desired product 
flow and purity, the pressure levels and desired partial 
pressure driving force required, the value of utilities, 
e.g., power costs. 
For any given pressure ratio across the membrane, 

the gas or other ?uid separation operation is character 
ized by two key parameters, namely area factor and 
compressor factor. The area factor is the amount of 
membrane surface area required, in the illustrative ex 
ample, to produce one ncfh, i.e. normal cubic foot per 
hour, of product nitrogen gas. The compressor factor is 
the amount of feed gas required to produce one ncfh of 
said product. vOnce the product requirements of a given 
application are established, the optimum or desired 
pressure ratio across the membrane, and the corre 
sponding area factor and compressor factor, can be 
determined. 
The optimization of these processing variables will be 

understood to involve the optimizing of the trade-off 
between higher compressor costs, and associated power 
requirements, at higher pressure ratios and the greater 
product flow that can be produced at such higher pres 
sure ratios. In the air separation application, the greater 
product flow is associated with a higher feed pressure, 
as the permeate pressure is commonly and conveniently 
?xed at atmospheric pressure. 
As suggested above, product flow is generally in 

creased at higher feed pressures, and vice versa, for 
constant product purity, constant membrane area oper 
ation. Likewise, for constant purity operation, the area 
factor is generally decreased as the feed pressure is 
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increased. In addition, for constant product purity, con 
stant membrane area operation, the feed flow, i.e., com 
pressor ?ow, is generally increased at higher feed pres 
sures, and vice versa. Such relationships are taken into 
consideration in determining the design conditions, i.e., 
full demand conditions, desirably optimizing the indi 
cated trade-offs so as to achieve design conditions that 
are optimized for the particular membrane system and 
the production requirements of a given application. 

In an illustrative air separation operation, a mem 
brane plant is optimized at full demand conditions to 
operate at a feed gas pressure of 200 psi and produce 
1,000 ncfh of 98% nitrogen as non-permeable gas. If 
product demand were to decrease to 7,000 ncfh, the full 
utilization of the available membrane area can be main 
tained, in the practice of the invention, by decreasing 
the feed gas pressure to 145 psig, with the product pu 
rity being maintained essentially at the design purity 
level. In addition to the reduced feed gas pressure, the 
feed air flow requirements to produce the 7,000 ncfh of 
nitrogen product are also decreased. At the lower feed 
gas pressure of 145 psig, a lesser amount of gas perme 
ates through the membrane, and less feed gas is reguired 
to achieve the desired turndown production. In the 
above-indicated turndown example, in which the de 
sired product is turned down from 10,000 ncfh to 7,000 
ncfh and the feed air pressure is reduced from 200 psig 
to 145 psi, the compressor flow, i.e., feed ?ow to the 
membrane system, is found to be 72% of full design 
?ow. Thus, the conditions to maintain the full use of the 
available membrane area upon turndown, while pro 
ducing product at the design purity level, comprise the 
indicated reduction in the driving force across the mem 
brane, e.g. by the reduction of the feed gas pressure, 
coupled with the indicated turndown from the design 
feed stream ?ow. 
The amount of energy savings achieved upon tum 

down will depend upon the type of compression equip 
ment employed in the practice of the invention. It will 
be understood that a variety of capacity control devices 
are available in the art depending on the type of com 
pression equipment employed. Variable speed motors, 
internal recycle valves, and suction valve unloaders are 
examples of the available devices that can be used to 
turndown compression equipment in accordance with 
the invention. 
As the compression equipment, i.e. reciprocating 

compressors have suction valve unloaders, oil flooded 
screw compressors with internal valves for recycle 
back to the suction point, or other such commercially 
available equipment, receives a signal for turndown, its 
feed stream ?ow and the pressure ratio across the mem 
brane is reduced, which results in reduced power draw. 
In automated embodiments of the invention, the process 
computer referred to above can be programmed to 
automatically set the compression equipment and con 
trol turndown mechanism, i.e. the valve unloader, vari 
able speed motor, etc., to enable optimum ?ow rates 
and pressure ratios across the membrane to be em 
ployed for a given demand signal, i.e. flow or purity 
signal. 
= In the illustrative embodiment referred to above in 
which a screw-type compression system is used with an 
internal recycle valve, the power draw for the turn‘ 
down from 10,000 to 7,000 ncfh of nitrogen is 77% of 
design. At the reduced feed gas pressure of 145 psig, the 
power draw is 85% of the design value. The total 
power draw is reduced by both factors, i.e. the decrease 
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6 
in the feed gas volume and in the feed gas pressure to 
produce a reduction in the driving force across the 
membrane, so that the total power draw is 85% of 77% 
of design. or 65% of the power draw under design 
conditions. 

It should be noted that the turndown control method 
of the invention can be used ‘effectively in embodiments 
in which product purity turndown, rather than product 
?ow turndown, is desired. If reduced product purity is 
required at constant product flow, the feed pressure can 
be lowered, to decrease the pressure differential across 
the membrane, while the product ?ow is maintained at 
the design condition level. In such embodiments, the 
total membrane surface area available is again fully 
utilized during the turndown operation. Those skilled in 
the art will appreciate that the process computer re 
ferred to above can also readily be programmed to 
automatically adjust the compression system operation 
to account for product purity and product flow tum 
down control simultaneously. In this use, the pressure 
differential creating the driving force across the mem 
brane would be varied in response to changes in both 
product purity and ?ow, and could be optimized in light 
of the overall requirements and operating conditions 
pertaining to a given gas or other ?uid separation opera 
tion. 

It will be appreciated that the efficiency of the turn 
down control is dependent upon the compression sys 
tem design employed in a given membrane separation 
operation and its ability to ef?ciently control the feed 
stream flow to the membrane. It should also be noted 
that the ef?ciency of the turndown control method of 
the invention is subject to the product pressure require 
ments of a given application. In the air separation for 
nitrogen recovery example above, if a minimum prod 
uct pressure of 100 psig were required, then the limit of 
turndown would be to 45% of the maximum product 
?ow of the compression system. In most cases, how 
ever, this factor should not affect the overall turndown 
efficiency because, typically, the optimum design mem 
brane operating pressure is signi?cantly higher than the 
required product pressure. For a great majority of ap 
plications, therefore, the practice of the invention will 
be both feasible and the most efficient method of turn 
down control. Those skilled in the art will appreciate 
that the turndown method of the invention will desir 
ably be optimized to the extent warranted by the impor 
tance of the turndown operation in the overall process 
being controlled. The choice of a compressor system 
and the design operating pressures are signi?cant pa 
rameters in determining turndown efficiency and ran ge 
ability in practical commercial operations. It should 
also be understood that the invention does not relate 
simply to turndown from design conditions to one par 
ticular set of lower feed ?ow rate and driving force 
conditions, but to the adjustment of said conditions 
between said design conditions and various lower de 
mand conditions, or adjustment between different 
lower demand conditions, in which product recovery at 
lower than design quantity and/or purity is desired. It 
should also be noted that, although design conditions 
represent the full capacity of a given membrane system 
with respect to a desired product flow and purity, it is 
generally possible to operate a membrane system at 
above its design capacity, so as to produce either a 
greater than design quantity of product at some sacri 
?ce of product purity, or a product at above design 
purity at some sacri?ce of product recovery. Operation 
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at such above design conditions shall be understood to 
constitute essentially design conditions with respect to 
the turndown features of the invention. From the de 
scription herein, it will be appreciated that turndown 
conditions prevail if either the product flow or the 
product purity requirements, or both, are less than the 
design product ?ow and purity levels for a given mem 
brane system. ' 

It is within the scope of the invention to practice the 
turndown method herein described and claimed in a 
wide variety of ?uid separation operations, of which the 
air separation for nitrogen production embodiment re 
ferred to above is an illustrative example in which turn 
down conditions are encountered. Such operations in 
clude any in which a permeable membrane system can 
be effectively employed to separate a more readily per 
meable component from a ?uid mixture thereof with a 
less permeable component. A hydrogen-containing off 
gas, as from a desulfurization unit, is an example of 
another suitable feed stream for use in permeable mem 
brane operations, and for the turndown control method 
of the invention. A typical off-gas of this nature may 
contain about 45 mole % hydrogen, 25% methane, 25% 
ethane and smaller amounts of other hydrocarbons. The 
membrane system approach can be used to purify said 
hydrogen to a desired purity level, e.g. about 90%. The 
recovery of hydrogen from ammonia purge gas, and 
carbon dioxide and methane separations, are illustrative 
examples of other commercial ?uid separation opera 
tions to which the turndown method of the invention 
can be applied in appropriate circumstances. It should 
also be noted that, while the air separation application is 
described above with respect to the convenient dis 
charge of the permeate oxygen stream at atmospheric 
pressure, other suitable and preferred pressure condi 
tions will pertain in various other embodiments of the 
invention. In some instances, it may be desirable to 
utilize an available feed pressure under turndown condi 
tions, with the driving force reduction across the mem 
brane being accomplished by increasing the permeate 
pressure rather than by decreasing the feed gas pres 
sure. The product purity and/or product recovery 
achieved will, of course, vary somewhat depending 
upon the overall requirements of any given membrane 
separation operation. 
The turndown control of the invention can be used 

with respect to any desired permeable membrane sys 
tem. Thus, the membrane material employed can be any 
suitable material capable of selectively permeating a 
more permeable component of a gas or other ?uid mix 
ture, e.g. cellulose derivatives such as cellulose acetate, 
cellulose acetate butyrate, and the like; polyamides and 
polyimides, including aryl polyamides and aryl polyi 
mides; polysulfones; polystyrenes and the like. It should 
also be noted that it is within the scope of the invention 
to employ permeable membranes of any desired con?g 
uration. Thus, the permeable membrane may be in com 
posite form, having a separation layer that determines 
the selectivity and permeability characteristics of the 
membrane positioned on a porous support layer. Asym 
metric-type membranes, in which a relatively dense 
surface region determines the selectivity and permeabil 
ity characteristics of the membrane and a more porous 
region provides support, can also be employed. Other 
forms of membranes, e.g. dense membranes, are also 
useful for particular applications. The permeable mem 
branes, for purposes of the invention, can be in any 
desired form, such as ?at sheet, hollow ?ber, spiral 
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8 
wound, or other desired form, with hollow fiber mem 
branes being generally preferred. Hollow ?bers or other 
desired forms of membrane material are generally as 
sembled into membrane modules comprising hollow 
?ber bundles, pleated flat sheet membrane assemblies, 
or spiral Wound cartridges, having feed inlet and perme 
ate exit sides, with conduit means being provided for 
the separate removal of the non-permeate portion of the 
feed stream and for the removal of the permeate portion 
thereof. All such systems can be effectively turned 
down in accordance with the invention, with the in 
stalled membrane surface being fully utilized under all 
operating conditions. 
The invention thus provides a highly practical and 

ef?cient means of turndown control Not only is the 
installed capacity of the membrane system fully utilized, 
but the use of a start/stop type operation in response to 
variable demand or turndown conditions is avoided. As 
a result, membrane systems can be conventionally used 
to achieve a desired quantity and quality of product 
under turndown conditions, with the reliability of the 
membrane system being increased by the constant, 
steady operation of equipment under reduced load, 
turndown conditions. 

I claim: 
1. In a permeable membrane process in which, under 

design operating conditions, a ?uid feed stream is 
passed, at a desired feed ?ow rate and pressure, into 
contact with the feed side of a permeable membrane 
system having an installed membrane surface area capa 
ble of selectively permeating a more readily permeable 
component of said feed stream containing a less readily 
permeable component, with a desired amount of said 
less readily permeable component being withdrawn at 
essentially the design feed stream pressure level as non 
permeate and with a desired amount of the more readily 
permeable component being withdrawn at a lower pres 
sure level as permeate, with the partial pressure of said 
feed stream components across the membrane provid 
ing the driving force for said permeable membrane 
separation, the improved turndown control method 
comprising: 

(a) maintaining the feed stream ?ow rate and the 
partial pressure driving force across the membrane 
such that the quantity and purity of the permeate 
and non-permeate obtained are at the design quan 
tity and purity levels, with the installed membrane 
surface area of the membrane system being fully 
utilized; 

(b) monitoring the quantity and/or purity of the 
product stream, either permeate or non-permeate, 
in the product ?ow line downstream from the 
membrane system; 

(c) sending a process variable signal proportional to 
the product flow and/or product purity in said 
product ?ow line to a process computer system 
adapted to send a corresponding output signal to a 
capacity control device for control of the feed ?ow 
rate and/or pressure conditions to the membrane 
under design and variable demand conditons; 

(d) reducing the feed ?ow rate and said driving force 
across the membrane, while continuing to maintain 
the full use of the installed membrane surface area 
of the system, during periods of reduced demand 
for quantity and/or purity of the product stream, 
either permeate or non-permeate,‘ in response to 
output signals from said capacity control device, so 
that the product stream is withdrawn from the 
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membrane system at the desired turndown quantity 
and/or quality during said turndown periods of 
reduced demand; and 

(e) adjusting the feed flow rate and said driving force 
across the membrane between the design conditions 
of step (a) for design demand conditions, wherein 
the product stream, either permeate or non-perme 
ate, is obtained at the design quantity and purity 
levels, and lower feed flow rate and driving force 
conditions during step (d) for lower demand condi 
tions in which the product stream is recovered at 
lower quantity and/or purity levels than said de 
sign levels, in response to said output signals from 
said capacity control device in response to said 
process variable signals proportional to the desired 
product flow and/ or product purity in the product 
?ow line from the membrane system, whereby the 
ef?ciency of the membrane process is enhanced by 
the full utilization of the available membrane sur 
face area under variable demand conditions. 

2. The turndown method of claim 1 in which the 
driving force across the membrane is reduced, during 
step (d), by reducing the feed stream pressure during 
periods of reduced demand. 

3. The turndown method of claim 1 in which the 
permeate stream is the desired product stream. 

4. The turndown method of claim 3 in which said 
feed stream comprises a hydrogen-containing stream 
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10 
and said product permeate stream comprises puri?ed 
hydrogen. 

5. The turndown method of claim 4 in which the 
driving force across the membrane is reduced, during 
step (d), by increasing the permeate pressure during 
periods of reduced demand. 

6. The turndown method of claim 1 in which the 
non-permeate steam is the desired product stream. 

7. The turndown method of claim 6 in which said 
feed stream comprises air, and said product non perme 
ate stream comprises a nitrogen-enriched stream. 

8. The turndown method of claim 7 in which the 
driving force across the membrane is reduced, during 
step (d), by reducing the feed stream pressure during 
periods of reduced demand. 

9. The turndown method of claim 1 in which said 
periods of reduced demand comprise periods in which 
the demand is for a less than design quantity of product 
to be supplied at the design purity level. 

10. The turndown method of claim 1 in which said 
periods of reduced demand comprises periods in which 
the demand is for a less than design purity product to be 
supplied at the design quantity level. 

11. The turndown method of claim 1 in which the 
driving force across the membrane is reduced, during 
step (d), by increasing the permeate stream pressure 
during periods of reduced demand. 

12. The turndown method of claim 1 in which the 
permeable membrane system comprises membrane 
modules containing hollow ?ber membranes. 

* t * * * 


